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Therefore, patients who complain of insomnia often overestimate their sleep-onset latency and underestimate theirtotal sleep time. [5] [6] [7] Perlis and his colleagues have proposed a hyperarousal hypothesis for insomnia from a neurocognitive perspective that offers a possible explanation of the above phenomenon. 8 This model hypothesizes that the difficulties in sleep initiation and/ or sleep maintenance in patients with primary insomnia may be associated with increased information processing around the onset of sleep. Accordingly, patients with insomnia may have an elevated degree of cortical or cognitive arousal that corresponds to enhanced information processing during polysomnographydefined sleep. Thus, they tend to perceive wakefulness even though the electroencephalogram (EEG) indicates sleep. This point of view is primarily supported by the demonstration that high-frequency EEG power (beta range: 14-35 Hz; gamma range: 35-45 Hz) prior to and during sleep are elevated in patients with insomnia, as compared with normal controls. [9] [10] [11] [12] Furthermore, their beta power during sleep correlates with the discrepancies between subjective and polysomnography-defined sleep. 11 After treatment with cognitive behavioral therapy, beta activities have been found to decrease significantly. 13, 14 Because high-frequency EEG has been reported to be associated with increased cognitive activities, these findings support the hypothesis that information processing during sleep is increased in patients with insomnia.
Although-high frequency EEG is usually thought to be associated with higher mental activities, there are alternative explanations of these findings. Bonnet and Arand have pointed out that increased muscle tension can also contribute to highfrequency EEG. 15 They have shown that high-frequency EEG power can be elevated simply by having the subjects engage in some mild physical activities, such as standing up and sitting down or walking around. Therefore, the elevated high-frequency EEG observed in insomniacs is not necessarily associated with increased cortical activities. In addition, even if the highfrequency EEG reflects increased mental activities in insomniacs, it is not necessarily associated with enhancement of processing of environmental stimuli. High-frequency EEG, in fact, could reflect heightened anxiety, rumination, or both.
The present study was undertaken to further evaluate information processing during sleep in patients with insomnia with the recording of event-related potentials (ERPs). ERPs can reflect the neurophysiologic activities elicited by sensory stimulation and do not require behavioral responses or conscious awareness. It is therefore an ideal technique to study information processing during sleep. Previous studies on the ERP changes during sleep have shown an attenuation of the N1 and an enhancement of the P2 (also called P220) as a person falls asleep. 16, 17 Also, several ERP components have been reported to appear during non-rapid eye movement (NREM) sleep, including N350, P450, N550, and P900. [18] [19] [20] The N1 has been suggested to be associated with the formation of auditory feature traces and an automatic switching of attention toward novel stimuli, whereas the P2 has been related to inhibition of sensory interferences. The attenuated N1 and enhanced P2 reflect decreased cortical excitability and increased inhibitory processes around sleep onset. 17, 21 Among the NREM-specific ERP components, N350, N550, and P900 have been reported to be elevated in response to stimuli occurring less frequently or stimuli that are designated to be a target of attention prior to falling asleep. 18, 19, 22, 23 Therefore, these waveforms do not simply reflect a general reaction to sensory stimuli but are associated with at least a minimum level of discrimination in the processing of information. Also, the amplitudes of the N350 and the P900 components during sleep and the N550 during the waketo-sleep transition increase following 1 night of sleep deprivation or disrupted sleep. 24, 25 Given that sleep deprivation and sleep disruption enhance sleep drive and therefore increase the threshold for arousal during subsequent sleep, it is more likely that these waveforms reflect an inhibitory process that prevents or minimizes cognitive processing, cortical activation, or both processing and activation following the detection of a sensory event. 24, 25 In addition, previous studies have shown that the amplitude of N350 is larger at or near the time of sleep onset 26 and is larger during light sleep relative to slow-wave sleep (SWS). 27 Furthermore, there is a close correlation between the emergence of N350 and reductions in behavioral responsiveness around sleep onset, 28 as well as the emergence of theta activity in stage 1 sleep. 29, 30 N350, therefore, has been proposed to be associated with the process of sleep initiation. P900, on the other hand, shows a tendency to increase with the deepening of sleep. 31, 32 P900 is more associated with the maintenance or deepening of sleep. Thus, if insomnia, as suggested by the neurocognitive hypothesis, is associated with increased information processing during sleep, one would expect to find the attention-related ERPs to be elevated during sleep and the inhibition-related ERPs to be reduced in patients with insomnia.
To the best of our knowledge, there is only 1 published study that has examined the NREM ERPs in patients with insomnia. Hull showed that N350 is smaller in insomniacs than in normal controls during the initial part of stage 2 sleep. 33 The results support the premise underlying the neurocognitive hypothesis. However, the subjects with insomnia in Hull's study were not clinical patients but were undergraduate students. Furthermore, the recording of ERPs was conducted only until 10 minutes into stage 2 sleep. Therefore, information processing throughout the night in clinical patients with insomnia remains a question of interest. The present study aimed to further explore this issue by recording NREM ERPs in clinical patients with insomnia and normal sleepers for a full night. It was hypothesized that, if there is increased information processing, and thus a reduction in inhibition processing during sleep in patients with insomnia, arousal-related ERPs (such as N1) would be elevated and inhibition-related ERPs (such as P2, N350, and P900) would be reduced for patients with insomnia. Also, the ERP differences in different NREM sleep stages were examined separately to further understand information processing of insomniacs in different sleep states.
METHODS

Subjects
Subjects included 15 patients, 9 women and 6 men, with primary insomnia (mean age = 35.3 ± 12.4 years) and 15 normal sleepers, 10 women and 5 men, (mean age = 34.3 ± 12.9 years). The inclusion criteria for subjects with primary insomnia were as follows: (1) age from 20 to 60 years; (2) difficulties in sleep initiation or sleep maintenance, or both, for at least 6 months, with sleep difficulties defined as a sleep-onset latency longer than 30 minutes or a wake time after sleep onset longer than 30 minutes, occurring on average 4 or more nights per week; (3) daytime consequences were reported; (4) no history of current medical or psychiatric disorders that are associated with sleep disturbances; (5) not a habitual coffee drinker (fewer than 2 cups of caffeinated drinks per day) or habitual alcohol user (fewer than 3 standard drinks per week); (6)nonsmoker or light smoker (fewer than 10 cigarettes per day); (7)currently not using medications that may affect sleep or willingness to stop using medication for at least 2 weeks; and(8) not a shift worker, with a regular sleep-wake schedule. Inclusion criteria for normal controls were comprised of items 4 to 8 from the above list.
The subjects' insomnia was diagnosed by a neurologist or a psychiatrist, and the subjects were interviewed by a clinical psychologist certified in behavioral sleep medicine. All of the included subjects reported no use of medications or other medical conditions. One of the control subjects and 2 of the subjects with insomnia were light smokers. Two of the control subjects and 5 of the subjects with insomnia drank 1 to 2 cups of caffeinated drinks daily. None of the subjects were habitual alcohol users. Informed consent was obtained from all subjects before the beginning of the experimental procedures.
Procedure
Potential subjects who met the screening criteria were scheduled to sleep in the sleep laboratory for 2 nights. The subjects were instructed to refrain from alcohol intake and to limit caffeinated beverages to 1 cup per day before noon for the 3 days prior to the night in the sleep laboratory. The first night in the laboratory served as an adaptation and screening night, in order to habituate the subjects to sleep in the laboratory and to rule out possible sleep disorders. Subjects were scheduled to come to the laboratory about 1 hour before their regular bedtime. The average habitual sleep schedules were 12:01 AM to 7:27 AM and 12:18 AM to 7:26 AM for control and insomnia groups, respectively. Their average in-lab sleep schedules were 12:19 AM to 6:55 AM and 12:05 AM to 6:58 AM. The average total bedtime in the laboratory was somewhat shorter because many of the subjects requested to get up earlier than their regular schedule so that they would have sufficient time to prepare to go to work.
The montage of the polysomnography recording included a EEG (C3/A2, C4/A1, O1/A2, and O2/A1), left and right electrooculograms, a submental electromyogram, an electrocardiogram, nasal/oral airflow, chest and abdominal respiratory efforts, and oxygen saturation. Subjects found to have other sleep disorders, such as sleep-related breathing disorders (respiratory disturbance index ≥ 5/hr) or a periodic limb movement disorder (periodic limb movement index ≥ 10/hr) were excluded from participation in the study.
During the second night, ERP recordings were conducted. An EEG (ie, Fz/A1A2, Cz/A1A2, and Pz/A1A2), vertical and horizontal electrooculograms, and submental electromyogram were recorded throughout the night. The procedure of ERP induction was modified from the odd-ball paradigm used by Hull and Harsh. 17 Auditory pure tones, either 1000 Hz or 1500 Hz for 45 milliseconds, were presented every 1.5 seconds via a plug-type earphone to both ears throughout the night. A higher-pitch tone was designated to be a standard tone for one half of the subjects and to be a rare tone for the other one half of the subjects. The sequences of the 2 tones were randomly arranged, and the ratio of rare-to-standard tones was 20:80. Subjects were instructed to count the number of target tones while they were still awake but not to resist falling asleep.
For both nights, subjects were requested to fill out an evening questionnaire before bedtime to assess any unusual events during the previous day and a morning questionnaire right after awakening to assess their general feelings about the night's sleep.
Data Analysis
Sleep stages were scored in 30-second epochs following standard criteria as defined by Rechtschaffen and Kales. 34 Stages 3 and 4 sleep were combined as SWS for data analysis. ERP analysis was conducted with Scan 4.3 (Compumedics USA Ltd., El Paso, TX). The recorded EEG was initially filtered with a 30-Hz low-pass filter. It was then segmented with periods of 1350 milliseconds, from 150 milliseconds prior to the onset of the tones to 1200 milliseconds after the onset of the tones. Baseline corrections were then conducted with the average of the 150-millisecond EEG prior to stimulus onset as the baseline. Segments containing electrooculogram signals in excess of 75 microvolt above or below the baseline were then excluded from analysis. The rest of the segments were averaged separately for target and nontarget tones during different sleep stages. N1, P2, N350, and P900 were calculated as the negative or positive peaks during the ranges of 76 to 150 milliseconds, 150 to 260 milliseconds, 250 to 475 milliseconds, and 600 to 1000 milliseconds, respectively. These windows were adjusted slightly for some subjects according to visual inspection of their average waveforms. The N550 was not analyzed in the present study because it was indiscernible in several of our conditions. The N550 has been shown to be absent or greatly reduced when trials with K-complex are excluded from averaging. [35] [36] [37] [38] Because K-complexes are not typically elicited with shorter interstimulus intervals, as in the present study, [39] [40] [41] it is not surprising that the N550 was infrequently identified in our data.
Because the ERP components of interest were known to have primarily central or frontal distributions in previous studies, 18, 19 statistics were performed for Fz and Cz only so as to avoid complexity. First, data from the first 5 minutes of continuous stage 2 sleep were analyzed in order to examine the information processing after the initiation of sleep. Multivariate analysis of variance (MANOVA) was performed for comparisons of the amplitude and latency of ERP components between different subject groups (insomnia vs control) and the 2 types of tones (standard vs rare), combining data derived from Fz and Cz. Second, information processing was analyzed for the entire night. Again, MANOVA was conducted to compare ERPs between normal controls and insomniacs for rare and standard tones, combining data from Fz and Cz. Because some of the subjects did not have a sufficient number of artifact-free epochs of EEG (ie, fewer than 10 epochs) for a certain sleep stage, their data were excluded from analysis of the sleep stages. Accordingly, 2 control subjects were excluded from analysis of stage 1 sleep, and 2 control subjects and 3 insomnia subjects were excluded from analysis of SWS. Table 1 shows the sleep parameters obtained during the experimental night for the 2 groups. Control subjects showed higher sleep efficiency than insomnia subjects (t = 2.20, P < 0.05). All the other sleep measures showed no significant differences between the two groups.
RESULTS
ERP Findings for the First 5 Minutes of Continuous Stage 2 SLEEP
Means and SDs of ERP measures of the first 5 minutes of continuous stage 2 sleep are presented in Table 2 and Table 3 . Figure 1 shows the ERPs for the first 5 minutes of continuous stage 2 sleep. MANOVA results for the N1 amplitude showed a significant type of tone-by-group interactions (Wilks λ = 0.76, F = 9.03, P < 0.01). MANOVA of simple main effects showed that N1 amplitudes induced by rare tones were significantly higher in patients with insomnia, as compared with normal control subjects (F = 4.15, P = 0.05); the N1 responses to standard tones showed no significant differences between the 2 groups (F = 1.71, NS). In terms of N1 latencies, MANOVA showed neither significant main effects nor interactions.
MANOVA results for the P2 amplitudes showed significant Further analysis showed that the P2 was smaller in patients with insomnia than in control subjects when evoked by rare tones (F = 5.86, P < 0.05) but showed no difference when evoked by standard tones (F = 0.25, NS). In terms of latency, P2 also showed a significant difference between types of tone (Wilks λ = 0.78, F = 7.75, P = 0.01) but no differences between the groups. MANOVA results for the N350 amplitude showed significant type of tone-by-group interactions (Wilks λ = 0.77, F = 8.41, P < 0.01) and type-of-tone main effects (Wilks λ = 0.64, F = 15.57, P < 0.001). Comparisons of simple main effects indicated that the amplitudes of N350 induced by standard tones were significantly lower in insomniacs, as compared with normal control subjects, (F = 4.61, P < 0.05); the N350 responses to rare tones were not different between the 2 groups (F = 0.02, NS). The latencies of the N350 showed no significant effects on MANOVAs.
MANOVA results for the P900 amplitudes showed that only the type-of-tone main effects were significant (Wilks λ = 0.46, F = 32.80, P < 0.001). In terms of latencies, MANOVA results showed significant group (F = 8.01, P < 0.01) and type-of-tone (Wilks λ = 0.83, F = 5.90, P < 0.05) main effects. Peak latencies of P900 in stage 2 sleep were longer in patients with insomnia than in control subjects and were longer for rare tones than for standard tones.
ERP Findings for Different Sleep Stages Throughout the Night
The means and SDs of the amplitudes and latencies of different ERP components are presented in Tables 4 and 5 . The N1 amplitude showed no significant main effects or interactions. The N1 latency was longer for patients with insomnia than normal controls during SWS (F = 5.98, P < 0.05), nearly significantly longer during stage 1 sleep (F = 3.20, P = 0.085), but showed no difference during stage 2 sleep (F = 0.14, NS). No other main effects or interactions for N1 latency were significant. Also, N1 peaked significantly later for standard tones than for rare tones during SWS (Wilks λ = 0.68, F = 10.20, P < 0.005).
P2 amplitudes showed significant interactions of type-of-tone No other main effects and interactions were significant for P2 amplitudes and latencies. MANOVA results for N350 showed no significant difference in patients with insomnia compared with the control group. Neither the group main effect nor the interactions of group with other factors were significant. There were significant type-oftone effects for all sleep stages. N350 amplitudes were greater in response to rare tones than to the standard tone (stage 1: Wilks λ = 0.61, F = 16.92, P < 0.001; stage 2: Wilks λ = 0.39, F = 44.49, P < 0.001; SWS: Wilks' λ = 0.45, F = 26.56, P < 0.001). The N350 latency showed no significant main effects or interactions.
The P900 amplitudes showed a significant type-of-tone main effect, with greater amplitudes in response to rare tones than to standard tones (stage 1: Wilks λ = 0.77, F = 13.23, P = 0.001; stage 2: Wilks λ = 0.29, F = 69.32, P < 0.001; SWS: Wilks λ = 0.33, F = 45.27, P < 0.001). The P900 latencies showed significant group (F = 4.14, P = 0.05) and type-of-tone main effects (Wilks λ = 0.61, F = 18.08, P < 0.001) during stage 2 sleep only.
DISCUSSION
In the present study, ERPs were used to investigate the processing of auditory stimuli during sleep in patients with primary insomnia. The results showed that insomniacs generated abnormal ERP patterns primarily during the first 5 minutes of stable stage 2 sleep. Because the ERP changes during the initiation of sleep have been suggested to be associated with a sleepprotecting process that inhibits cognitive and/or cortical arousals from responding to sensory events during sleep, 25 the findings indicate an impairment of the inhibitory mechanism during the beginning of sleep in patients with primary insomnia. The results support the neurocognitive hypothesis that patients with insomnia may have an elevated level of information processing after the onset of sleep.
The attenuation of N1 and the enhancement of P2 as a person ERP During Sleep in Primary Insomnia-Yang and Lo falls asleep have been suggested to be associated with decreased cortical excitability and inhibition of attention toward external stimuli around sleep onset. Our data showed that this pattern was less obvious in patients with insomnia in responding to rare tones during the beginning part of sleep. This finding indicates a failure in reducing the orienting response and attention processing to distinct stimuli after sleep initiation in patients with insomnia. When the whole night of data were included, the only difference found was a slightly longer N1 latency in patients with insomnia. This latency delay was not consistent for all sleep stages and recording sites. There may be general abnormalities in attention toward stimuli throughout sleep in patients with insomnia but not as robust as what was found in the beginning of sleep. This finding requires further study for confirmation. In the current study, N350 was shown to be lower during the first 5 minutes of continuous stage 2 sleep but was not different from that of normal sleepers when the whole night of data were included. Previous studies have shown that N350 reaches its maximum at or near sleep onset and emerges corresponding to the reductions in behavioral responsiveness around sleep onset. 18, 26 More recently, an association between the emergence of N350 and alpha-to-theta EEG transition during stage 1 sleep has also been reported. 30 These results support the notion that N350 is related to the process of sleep initiation. The decreased N350 amplitude that existed during the early part of sleep found in our study may partially explain the pathogenesis of the prolonged sleep-onset latency in patients with insomnia. Such patients may have difficulty inhibiting the intrusions of external sensory stimuli during the process of falling asleep, which therefore leads to the perception of prolonged sleeponset latency. It is worth pointing out that the decreased N350 in subjects with insomnia was limited to standard tones but not to rare tones. This finding suggests that patients with insomnia are not more impaired with respect to the inhibition of rare stimuli, in comparison with normal sleepers. However, they demonstrated a general decrease in the inhibition to process background auditory stimuli during the initiation of sleep. This is in line with patients' common complaints that they are aware of the activities in their surroundings while having difficulty falling asleep. P900, on the other hand, did not show amplitude differences but peaked later for patients with insomnia than for control subjects. P900 has been shown to be more a reflection of the elevation of sensory threshold along the deepening of sleep. 19, 31 A latency delay may indicate a slowing in the process associated with the waveform or may reflect a later onset of the process due to the abnormality in the earlier processes.
Overall, our data suggest that patients with primary insomnia have an elevated level of information processing that may affect both the initiation and deepening of sleep. A recent positron emission tomography study reported that patients with insomnia showed greater global cerebral glucose metabolism during sleep and a smaller decline in relative metabolism from waking to sleep in brain areas associated with wake promotion, as compared with normal sleepers. It was concluded that insomnia was related to a failure of arousal mechanisms to decline during the transition from waking to sleep states. 42 The ERP findings in the present study are consistent with the positron emission tomography results and further demonstrate both an inability to lower a general attention or arousal process and an impairment in the sleep-specific inhibitory process during the beginning part of sleep.
In conclusion, our results are consistent with the hypothesis of the neurocognitive perspective of insomnia. There is enhanced attention and impaired inhibition of information processing in patients with insomnia during the initiation of sleep. However, one should be careful in assigning causal inferences from these results. Indeed, the results may represent a physiologic manifestation instead of the pathogenesis of insomnia. It is not clear if these phenomena originate from physiologic factors, cognitive or psychological factors, or an interaction of both. It also does not clarify whether overactivation in information processing is a more-specific phenomenon limited to cortical activities, as is suggested by the neurocognitive hypothesis of insomnia, or is only part of a more general hyperarousal state, as has been suggested by others. 43 This issue may be further explored by examining the relationships between ERPs and other features of hyperarousal, such as indexes for autonomic arousals, in future studies.
Because the pathogenesis of insomnia may be heterogeneous across individual patients, the neurophysiologic deficits may play different roles in different groups of patients. For example, patients who primarily experience difficulty with sleep initiation and difficulty with sleep maintenance may show different ERP patterns. Also, if the sleep difficulties experienced by patients with insomnia are associated with elevated information processing, as indicated by the ERP data, one would expect to find more ERP abnormalities in patients with a poor subjective perception of sleep. These issues are not explored in the present study because the classification of patients could be complicated by the night-to-night variation in sleep and the discordance between polysomnography-defined sleep and subjective sleep, as occurs commonly in patients with insomnia. Although the average polysomnography-defined sleep-onset latency for insomnia patients in this study was within normal range (10.8 minutes), 10 of the subjects with insomnia estimated their sleep-onset latency to be longer than 30 minutes in the morning questionnaires. Also, 6 of the subjects with insomnia, compared to 4 of the control subjects, rated their sleep-onset latency shorter than their usual sleep at home. Due to the lack of careful measures of subjective sleep and the limited number of subjects in the present study, we were unable to further divide the subjects into subgroups for analysis. These issues can be further addressed in future studies. 
